Abstract Plantains are usually processed after harvesting in order to increase its shelf life. However, the human cost of such processing is enormous and impacts negatively on the economic benefits derivable from plantain production. Therefore, the development of appropriate, low-cost, easy to operate and maintain plantain slicer is long overdue. This paper presents the design, construction and performance evaluation of a highly efficient device that simulates the traditional method of cutting plantain pulp transversely. The machine achieves, respectively, 90.7% and 92.6% efficiency, when used to make a 5 mm cut in moderately ripe and unripe matured plantain pulps. Furthermore, efficiency based on the rate of slices production per time was measured to be 90% and 91%, respectively, for moderately ripe and unripe matured plantain pulps. This design apart from increasing the shelf life of plantains will increase the economic benefits for local plantain processors.
Introduction
Plantain (Musa Paradisiaca L.) is a crop which is generally grown in the tropical and temperate region of the world, and is a good source of vitamins and dietary fibre. The mature fruit, i.e. the plantain bunch, has valuable economic and nutritional importance, and is the main part of the fruit. A bunch consists of several 'fingers' (several plantains that are attached in a single bunch), each having a length in the range of 2.5-12 in., and width of between 0.75 to 2 in. (CRFG 1997) . Individual plantain fruit has a protective outer layer with a freshly edible inner part which is cooked by boiling, steaming, baking, roasting or frying and may be processed into plantain chips (Asoegwu et al. 1998) .
The production of the genus of musa (plantains and bananas) hits over one hundred million tons (100 million tons) in year 2005 (FAO 2007) . Presently, it is grown in over 130 countries of the tropical and sub-tropical countries of the world (Sharrock and Frison 1999) , with India as the world leading producer of bananas. In subSahara Africa, Uganda is the leading producer of plantain, followed by Nigeria, Ghana, Rwanda, Cote de ivory and Cameroon (FAO 2008) . However, apart from these African countries, the production of plantains and bananas cut across the tropical region of the continent (CRFG 1997) . In Nigeria, for agro-climate reasons, plantain cultivation is concentrated in the southern region of the country. This crop also serves as source of income for rural farmers and substantial foreign exchange can be earned from export.
According to FAO (1999) , 69.4% of plantain and other cooking bananas are used for human consumption while 8.0% are used for animal feed. Post-harvest losses and transformed quantities in the world are 11.5% and 11%, respectively.
Because of the high perishability of the plantain fruit and the inadequacy and relative ineffectiveness of handling, processing and storage facilities in most African countries that produce the crop, there is a continuous loss of about 35-100% of the production in this region (Asoegwu et al. 1998 ). This postharvest loss reduces the income derivable from the crop production by the farmers.
Processing of plantain for food is arguably, the most common post-harvesting operation of a staple food for consumption. However, there are several approaches to this, often depend on cultural heritage of producing countries. Boiling or steaming, roasting, boiling and pounding, frying, drying etc., are some of the ways of processing plantain as staple food. Plantain chips making, an art of frying round slices of un-ripened and slightly ripened plantain pulp in vegetable oil is the most popular plantain product in Nigeria and neighbouring countries, and is a quick alternative to other snacks. Each slice is usually well cut, making it easily packaged for commercialization than "ekpekere"; another variation of plantain chips which is made from frying of a longitudinally sliced un-ripened plantain chips. In addition, it serves as 'fast-food' for offices and road workers in the urban areas, especially at lunch time. It has attracted quite a number of small-scale business owners as a major business enterprise.
Slicing is a cutting process for size reduction of fruits and vegetables. It involves pushing or forcing a thin, sharp knife to shear through the material intended to be sliced (Owolarafe et al. 2007 ). This results in minimal deformation and rupture of the fruits cell wall. Presently, the traditional method of slicing plantain with a kitchen knife on a wooden plate is still very much in use, due to the fact that patented plantain slicers like "Robot-Couple" models are not readily available for immediate use of plantain chips producers. Nevertheless, as the plantain chips industry attract more investments depicted by the increase in the rate of packaged brands that are being sold on Nigerian roads, markets, stores, fast food joints and supermarkets, the need for a simple, affordable, easy to maintain slicing device cannot be overestimated.
Agricultural materials commonly subjected to cutting could be classified as: (i). Non-fibrous, liquid cell materials having uniform properties in all direction at the time of cutting, (ii). Fibrous materials with high tensile strength fibers oriented in a common direction with comparatively low-strength materials bonding the fibers together. In the first case, the comprehensive stress applied by the cutting tool to the cell will cause pressure in the cell wall at the point of contact with the cutting tool. This point is subjected to: (i) High shear stress due to the applied compressive stress in one direction. (ii) Tensile stress due to addition of bending stresses at the point of indentation to the hydrostatic stress. (iii) Movement of the tool in a direction parallel to its edge and perpendicular to the direction of the compressive force applied (slicing action) which can further add to the shear stress applied to the cell wall at the point of contact.
The development of an appropriate plantain slicer, simulating the laborious and time consuming traditional method of cutting plantain with a knife which is highly prevalent in Nigeria and most West African countries is attempted in this work. The objective of this work was to develop a simple motorised plantain slicer for small scale plantain chips producers.
Materials and methods

Component parts of the machine
The machine is a simple device, used in making a transverse cutting of plantain pulp into uniform sizes. The machine consists mainly of the following parts as shown in Fig. 1 :
The primary purpose of this unit is to slice the pulp of plantain to desired thickness and discharge it through the discharge opening into a collecting container. It is made up of the following.
a. Cutting disc housing: This disc housing was cut out from a mild steel plate of 3 mm thickness and 240 mm diameter. A center hole of 25 mm diameter was made to allow holding of this disc with a shaft. This housing serves as the cutting blade compartment ( Fig. 1d) . It also has a covering unit ( Fig. 1e ) that keeps the cutting disc in place and consists of an output opening for the processed plantain pulp. An opening and leading edge was made on this covering plate to guide the plantain pulp towards the cutting blade. b. Cutting disc: The cutting disc (Fig. 1f) was fabricated from a stainless steel plate with dimensions as 4 mm×4 mm, held in position by a permanent joint, with 5 mm space between the cutting disc housing and the cutting disc. The size of the cutting disc was based on the traditional thickness of the available plantain chips in the market. c. Shaft: The shaft (Fig. 1c) used was of 25 mm diameter and 610 mm long. 100 mm to one of the ends of the shaft was supported by a deep groove ball bearing and was connected to the pulley which rotates the shaft mechanically, while the other end fastened to the slicing unit was also supported by a deep groove ball bearing, 100 mm before the end of the shaft.
(ii) Frame: The frame (Fig. 1a) acts as the support for other parts of the machine. The frame was made to a rectangular box form using angle iron and mild steel plate. The dimensions are shown in the description in Fig 1a. An additional top covering (Fig. 1b) is added for safety of users from rotating parts of the machine and to make the machine compact for mobility. The electric motor stand was also incorporated to this unit. (iii) Electric motor: Electric motor was used to drive the driven pulley (Fig. 1g) , and to provide the required shaft speed for the slicing operation. An electric motor stand with four slots holes for pre-tensioning of belt by adjustment of center distance between the driving and driven pulleys is also provided. (iv) Bearing: The bearing specification are bore diameter, d 025 mm, Outside diameter, D 047 mm and the width, B012 mm, based on design calculations and manufacturer specification for the dynamic load on shaft (SKF 1977) .
The orthographic projection and the exploded view of the machine are presented in Figs. 2 and 3 , respectively. Figure 4 shows the assembly of the machine. 
Design for power requirement
The required rotational force F c , to drive the shaft was obtained using the relation below (Hall et al. 1983 )
Where m mass of the cutting disc D diameter of the cutting disc N speed of the shaft Using the above relation, using a speed of 400 rpm (assumed in practice based ruptured strength of unripe plantain) based on the work of Asoegwu et al. 1998 . The cutting disc mass and diameter are 1.0 kg and 240 mm, respectively.
The value of F c obtained was 210.55 N. The equivalent torque of 25.27 Nm was obtained from the calculated centrifugal force above, using equation (Hall et al. 1983) .
Hence, the power required to drive the shaft of the machine was calculated using the relation below (Hall et al. 1983 )
The power requirement was then found to be 1056.35 W (1.42 hp)
From this calculation, a motor of 1.5 hp was chosen for the design.
Design for shaft strength
The shaft is made of mild steel and is being supported on two rolling elements bearings and at both ends of the shaft will be attached the driven pulley and the cutting disc. The cutting disc will hold the cutting blade. Snap rings were used to restrain axial movement of the rolling element and key way has been machined such that it holds the pulley in position. The analysis of the total loading condition of the shaft is shown in Fig. 5 .
The properties of the selected shaft material are: Allowable shear stress, S c ¼ 4 Â 10 6 N/m 2 (for shaft with a keyway incorporated) Length of shaft L s 0610 mm00.61 m Fig. 2 Orthographic projection of the machine For a rotating shaft with gradually applied load, the bending fatigue factor, K b 1.5 and the torsional fatigue factor K t 1.0 (Hall et al. 1983) The maximum bending moment, M b on the shaft is 57.265 Nm and the maximum torsional force of the shaft M t is calculated using (Hall et al. 1983 ).
which gives M t 026.71 Nm P01119 and N0400. The required shaft diameter is determined using the formula (Hall et al. 1983) .
Therefore, the minimum diameter for the shaft should be 22.5 mm.
The bearing bore available close to this shaft diameter based on manufacturing standards is 25 mm (S.K.F. 1977).
Therefore, 25 mm shaft is chosen for the design.
Design for feed rate
The required thickness of the plantain slice is 5 mm and it is expected to be produced at every half of a revolution of the cutting disc. i.e. thickness of sliced plantain/ 
Therefore, the size of the plantain pulp to be sliced (in inches/minute) is 157.5.
Belt and pulley selection
The belt and pulley system are necessary for power transmission from the electric motor to the shaft. It consists of the driving pulley (small pulley), driven pulley (big pulley) and a belt to transmit the drive from the driving pulley to the driven pulley. Thus, the selection of the above components involved calculating the size of the driving and the driven pulley necessary to achieve the required speed reduction from 1440 rpm to 400 rpm. Pre-tensioning by adjustment of center distance was use for the belt tensioning.
(a) Belt: The plantain slicer is considered a light duty machine with service factor of 1.0 (Fenner and Co Ltd. 1973) . Therefore, the design power requirement of the plantain slicer is calculated to be 056.35 W, obtained by using the equation
The intersecting point of the design power and the speed of the faster shaft (1440 rpm) depicts that transmission of the power from electric motor is in A -section with 1 groove pulley.
(b) Size of the driving pulley: From standard pulley selection table (Fenner & Co Ltd. 1973) , the recommended minimum standard pulley diameter for the chosen electric motor is 67 mm. Therefore, the diameter of driven pulley is 240 mm, as obtained from (Hall et al. 1983 )
(c) Pitch length of the belt: The minimum and maximum distance between pulley centers are 215 mm and 614, respectively (Shigley and Mischke 2004) . This was obtained using the formula:
Using 300 mm as the center distance, the calculated pitch length of belt (Shigley and Mischke 2001 ) is 1110 mm, as obtained from
The catalogue code of A-section that conforms with the pitch length of the belt calculated was 240A1100, indicating that the standard pitch length of the belt is 1100 mm.
(d) The initial tension of the belt: The tension of the belt is necessary for the appropriate transmission of the power, thereby preventing the unwanted slippage of the belt, as this will affect the power output due to fluctuation of speed. Power transmitted, P, between the two shafts is related to the belt tension and its linear velocity according to the following (Hall et al. 1983 )
where T 1 0 tension of belt at the tight side and T 2 0 tension of belt at the slack side. The factor v05.05 m/s, is the velocity, and is obtained using the expression (Hall et al. 1983) :
m linear density of belt μ coefficient of friction between the belt and pulley00.3 (Hall et al. 1983 ) θ groove angle for V belt040°! angle of wrap T 1 and T 2 were obtained as 393.2 N and 171.6 N, respectively by solving Eqs. 11, 12 and 13.
With 1.5 hp motor selected, the actual driving power (from Eq. 11) is 1119 W. Results and discussion Average number of slices produced Six experimental replications were carried out on the slicing device, each experiment was conducted for 60 s and the numbers of slices for the duration were recorded. Matured ripe and unripe plantains were used with moisture content of 75% and 64% respectively. Table 1 gives the result of the cutting of the plantain pulp slices.
Average dimensions of slices The requirement of the design was to produce 5±0.5 mm plantain slices, which is the distance between the blade and the cutting disc. Thus, slices with thickness of between 4.5 mm to 5 mm are acceptable. Each test was analyzed for conformity with the standard thickness, using a vernier-caliper. The variation in thickness as reported in Table 2 was due to inconsistent feeding of the plantain which was done manually. The average number of slices that fell in acceptable range was 653 and 673, corresponding respectively to 90.7% and 92.6% of the total inputs of ripe and unripe plantains.
Efficiency of the slicer Efficiency of the plantain slicer was determined based on the average number of slices produced. The average efficiency, η, of the slicer was estimated to be 90% for ripe plantain and 91% for the unripe plantain samples and these values were obtained using the formula,
where N a is the actual number sliced per minute and N i is the ideal number of slices per minute. Table 3 gives the cost for the development of the prototype of the plantain slicing device. The cost estimate of the prototype includes the cost of workmanship and the estimation was based on the current cost of the materials used for the fabrication of the prototype machine. The cost estimate was $154 for the prototype, while an average imported slicer depending on the designer cost between $220-815. This shows that the present design will definitely satisfy the need of the increasing local plantain chips producer.
Cost estimation
Conclusion
A prototype device for slicing cuts of small thicknesses (5±0.5 mm) of plantain pulp was developed in this study. The device is low-cost, works on simple design mechanism, easy to operate, and is fabricated from materials that are available locally. A preliminary evaluation of the machine in terms of efficiency and cost indicates that it has a high potential in substituting the traditional manual cutting of plantain for processing. Furthermore, the device has a very high efficiency of 90%, when cutting through ripe plantain, and 91% for unripe plantain. Due to its low-cost, it will be suitable for use in Nigeria and other plantain producing countries in subSaharan Africa, where patented mechanized plantain slicing machine is not readily available, or where available, the costs are prohibitive.
